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ABSTRACT

A study of possible configurations for a Large Aperture Seismic Array has been
completed. An array having 21 identical subarrays located on three concentric circles
has been found to yield the most satisfactory pattern in wave number space of all the
configurations tested. Patterns for some alternative placements of subarrays, including
that of the experimental LASA in Montana, have been included in this report.

This study of patterns in wave number space has vielded the suggestion that a
LASA having a diameter of 200 km should be composed of subarrays from 10 to 15 km
in diameter. Such an increase of subarray size above the 7 ki diameter subarrays of
the experimental LASA would require the use of less regular subarray geometries than
those which have been used in Montana.

A sensitivity function for patterns has been developed. This function can be used
to predict the change in patterns which might result from changes in seismometer or
suborray positioens. Since the sensitivity function predicts pcssible changes in patterns,
it can e used to set bounds upon changes in an array which can be made without severe-
ly changing the pattern. The tight bounds imposed by the sensitivity function can be re-
laxed if the pattern resulting from any anticipated change in position is actually computed.
Since very little computer time is required to compute a pattern, this procedure is
highly recommended.
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Stanley J. Wisniewski

Lt Colonel, USAF
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""We will have rings and things and fine array."'
Shakespeare, Taming of the Shrew, Actll,
Scene 1.
I. INTRODUCTION
An experimental Large Aperture Seismic Array (LASA) has been deployed over
a large + .tion of southeast Montana. The extent of this array is about an order of
magnitude greater than that of any previous instrument used in the study of seismic
signals. The vertical seismometers of the exverimental LASA are spread over a region
which can be contained in a circle having a radius of approximately 100 km. Thc array
consists of 21 subarrays each containing 25 seismometers spread over a circular region
with a radius of 3.5 km.
Figure 1 shows the placement of the 21 subarrays of the experimental LASA,
The basic configuration of seismometers in each subarray is shown in Fig. 15B. In
many subarrays cf the experimental LASA the basic subarray geometry was rotated up
to several degrees. Thus subarray configurations are essentially identical to within
rotations. References 6 and 9 present the various reasons which led to the installation
of an array of subarrays and to the particular configuration which has been installed.
Studies are currently in progress, primarily at M. L.T., Lincoln Laboratory,
to determine how best to utilize the voluminous data from the LASA for the detection of
teleseismic events and the discrimination between natural and man-induced tremors.
Commensurate with these goa. 5 the array is also being used to study aspects of earth

structure, propagation phenomena, and seismic noise properties. All of this research
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deals with the use of data obtained from an already existing array. The prime goal is
to determine the ability of a LASA to monitor underground nuclear tests.

If it is determined that a LASA is sufficiently effective for seismic detection
and discrimination to warrant installation ot several more such arrays, it may prove
desirable for various reasons to consider geometries different from that of the expari-
mental LASA. It is with this contingency in mind that this report has been prepared.
Several families of possible array geometries have been examined to find a few of the
most promising ones. Some measures of the sensitivity of array properties with seis-
mometer positions have also been obtained.

The same computer programs used to study and evaluate array geometries for
this report could also be,used to evaluate alternative configurations which might be
suggested. Also, these programs might well be useful before installation to study
possible detrimental or beneficial effects resulting from perturbations of an intended
array geometry. Such perturbations could result from constraints imposed by local

topological conditions, land availability, or other factors.
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II. REVIEW OF BASIC FACTS ABOUT ARRAY PATTERNS

The effectiveness of an array and associated data processing scheme for the
reduction of seismic data can be measured by the response, in the three-dimensicnal
frequency wave number space, of the array and associated data reduction scheme.
References 3, 4, 5, 6, 8, and 10 are six of many in which the representation of seismic
signals ir frequency wave number space is discussed and the interpretation of data pro-
cessing methods as filters in that space is explained.

The study of array patterns is the study of filter characteristics in frequency
wave number space for a most simple kind of data processing. Specifically, if the
array contains N seismometers, then a composite trace can be formed simply by adding
the N traces and dividing by N. The pattern of the array from which the N traces are
obtained is the magnitude of the gain of the array in frequency wave number space when
such a straight sum processing technique is used.

If seismometer responses are frequency independent and no frequency dependent
gains are inserted before summing, then the gain of the processing scheme is independent
of frequency. Under these conditions only the response in two-dimensional wave number
space need be considered. If a single frequency fliter operates upon the sum waveform
or identical filters operate upon every one of the individual traces, then it is still valu-
able to consider only response in wave number space assuming no filtering hefore
summing. The gain at any point in frequency wave number space is the gain in the plane

where frequency is zerc, multiplied by a function cf frequency only. The response in

the plane where frequency is zero is the response in two-dimensional wave number space.
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This report deals only with the gain in wave number space obtained when straight sum
processing is employed. Complex processing schemes which require explicit consid-
eration of frequency as well as wave number in order to be characterized are beyond
the scope ¢f this paper.

Different patteras can be obtained as a function of array geometry without
changing the data processing method. A comparison of the array geometries can then
be made on the basis of the patterns which represent the signal precessing ability of
the array. Very roughly, one wishes to synthesize patterns which have a maximum
gain at the origin in wave number space and which are uniformly low in some region
around the origin of wave number space. The extent of the region over which the array
must have low gain depends upon the characteristics of seismic noise.

The pattern as described above is in fact the magnitude of a two-dimensional
Fourier trarsform of the array geometry. Thus the pattern of an array with vertical

seismometers at positions {xj,yj :j=1,...,N} is

N

‘ j;l exp [-i2m (kxxj + kyyj)] | (1)

2z

Bl k)l =

where kx and ky are respectively east and north components cf horizontal wave number.
H(“x’ky) can be interpreted as the two-dimensional transform of an impulsive function
with unity weights on each impulse. The sifting property of the impulse function chang~s
the integrals expressing the transform into the above sum over seismometer positions.
As mentioned in the introduction, the experimental LASA in Montana is an array

of roughly identical subarrays. The pattern of such an array can be approximated by .
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the pattern of a compound array. A compound array is one which is an array of identical
subarrays. A compound array has the property that the pattern can be expressed as the
product of the pattern of a subarray and the pattern of a corfiguration having a single

seismometer located in the place of the subairays. To se. this, let qu and ypq be the

X anu y coordinates of the pth seismometer in the qth subarray. Let
X_ = XO+x
Pq P
aud
0
=y +
Yoa T g

where x;,yg locate the center of the pth subarray and xq,yq locate the seismometers cf
the subarrays with respect to their centers. Let P be the number of subarrays and Q

be the number of elements in the subarray. Then

P Q ~
1 o o
Hk_,k ) = = -2 k
(k) = 75 pZﬂ L, exp {-i2m [k, 6 +x)+k (7 +y )1}
= [-1- ZI;’ exp [ -i2m (k x2 +k YO)IJ l:l § exp[-i2rn(k x +k y )]:‘ ‘
P st Xp yp Q = Xq yaq

Clearly the magnitude of the product of the right is the product of the magnitudes and
the two terms of the product are the patterns of the array centers and the subarray
respectively. Henceforth we shall use the terms full array pattern, array pattern, and

subarray pattern. Full array pattern and array pattern are used to distinguish between
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the patte. ~ generated using all seismometers in an array and th:e pattern generated by
the centers of the subarrays in a compound array, respectively. Subarray pattern of
course refers to the patiern of a subarray in a compound array.

In this report a direct confrontation of the full array problem has been avoided.
Only idealized compound arrays having the factorization property just described have
been considered. Subject to any minor positioniny errors which occur during installa-
tion and even to subarray rotations such as those ot the experimental LASA this separate
consideration of array and subarray patterns rather than full array patterns has been
found to be a valid procedure, as will now he demonstrated.

Figurz 2 shows the array pattern, evaluated along a line in wave number space,
of the actual subarray positions of the experimental LASA. Figure 3 shows a similar
plot of the ful! array vnattern which has been obtained using all 525 seismometers. Note
that the patterns are very similar for wave numbers less than .05 cycles/km and that
for larger wave numbers the full array puttern has smaller sidelobes than the array
pattern. The location of subarrays in the experimental LASA was fixed assuming that
the subarray pattern would multiply the array pattern to yield the full array pattern.
The idea was to pick a subarray and array so that this product would yield a full array
pattern having all but the nearest lobes of the array pattern significantly reduced.
Figures 2 and 3 clearly show that such a philosophy can yield a satisfactory full array
pattern even when individual subarrays differ from each other by being rotated several

degrees.
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The experimental LASA cannot have a pattern which is exactly the product of
the array and subarray patteras since the differcnt subarrays have patterns differing
by rotations. However, such an approximation, using the pattern of one subarray, is
quite good for wave numbers in the main lobe of the subarray pattern since the main
lobe changes very little under rotation. For larger wave numbers the approximation
breaks dewn but the full array pattern still has he required low sidelobes. F gure 17B,
if the wave number scale is muliiplied by 200/7, is a cross section of one of the sub-
array patterns for the exp=rimental LASA. The plots in Mzures 2 and 3 extend only
about as far in wave number as the main beam of a subarray.

Straight sum patterns described above will have a main lobe locatec at the origin
in wave number space. Thus the filter operation will pass signals which have verdical
incidence upon the array and thus have infinite horizontal phase velocity, or equivalem ;,
zero wave number. Other signals having other velocities and wave numbers will be

attenuated as indicated by the pattern. By the introductica of delays into seismometer

out puts before summing the array can be steered to pass unattenuated plane waves
arriving from any specified azimuth having any specified horizontal phase veluoity. At
any given frequency this processing has a gain characteristic in wave number space witi:
exactly the same shape as the straight sum pattern but which is shifted to have its peak at
the location of the signal at that frequency. Thus the straight sum pat’>ri is a useful
measure of the selectivity of any array even when the array is steered to a signal having

other than infinite phase velocity.




1. PATTERN REQUIREMENTS AND APPROACHES TO SYNTHESIS

The acceptability of pacterns depends greatly upon the noise which is to be
rejected whep ine array is steered to an event of interest and upon the expected location
in frequency wave number space of the interesting events. Figure 4 is a map of the
world as seen by an array centered on Miles City, Montana, when only the initial P-
phase signal at one Hertz is considered.ll Since the initial P-phase arrival usually
has most frequency content at about one Hertz that map is a good picture of the location
of teleseismic signals of interest and of noise which results from distant seismic ac-
tivity and reaches the array via earth paths similar to those of interesting signals.
From the consideration of such a picture of the ~arth as seen in a slice through fre-
quency wave number space it has been decided that any LASA which is to be used for
the detection of underground nuc 2ar tests should have 2 main beam with a radius of
about . 005 cycles/km or less in wave number space. That is, if the gain of the LASA
is measured at a distance of more than .005 cycles/km from the point in wave number
space at whuch it is steered, then the gain must be significantly lower than unity. 1his
appears to aliow for a sufficient degree of selectivity in steering the beam to some
point while not passing similar signals from other parts of the globe.

If subarray or array geometries become very regular, one must consiicr a
phencmenon known as aliasing. If a high frequency time function is sampled at too low
a rawe, the sampled waveform can appear exactly the same as the sampled waveform
for a much lower frequency signal.2 Similar problems arise when spatial signals are

.23 S
sampled on a regular grid.” Then the confusion is in wave number. For example,
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Figure 17B is a section of the nattern of the regular geometry shown in Fig. 15B.
Periodic signals coming from the east with wave numbers greater than . 04 cycles/km
cannot be distinguished, after spatial sampling by the array, from some other signals
having wave number . in the range 0 —. 04 cycles/km. There is a bad sidelobe at

.08 cycles/km, exactly twice the wave number at which aliasing first becomes a prob-
lem. Similar lobes appear at all multiples of .08 cycles/km in wave number space.

Even small cl.unges in the spatial sampling positions can eliminate true aliasing
as a real problem. However, severe sidelobes, almost as large ~s uniiy, can still
exist in regions too close to the main beam of the patiern. In this report attention has
been focussed upon such lobes, known as grating lobes, rather than upon aliasing. This
was done since it is the grating lobes which can cause trouble, not aliasing. when arrays
are not extremely regular.

Consideration of possible and expected noise sources has led to the conclusion
that a full array pattern should have no grating lobes closer than one to two cycles/km
to the center of the main beam in wave number space.6’ g The problems of aliasing
are avoided by assuming a sufficiently irregular placement of subarrays and of seis-
mometers within a subarray.

A variety of approaches to the problem: of synthesizing satisfactory patterns
using about 500 seismometers do exist. They all have ir common the characteristic
that they all use some kind of trial and error method combined with reasonable intuition.
One approach, the one which we have used most extensively, is to restrict the arrays

to be compound arrays similar to the experimental LASA. The full array pattern can
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be synthesized by almost independent synthesis of the array and subarray patterns. In
particular, the array pattern might be synthesized using 21 points to yield a . 005 cycles
per km half beamwidth or less,and to have no bad sidelobes closer than . 1 cycles/km
to the center of the main beam. This choice of . 1 cycles/km appears to give a reason-
able tradeoff between requirements upon the array and the subarrays. The svharray
can then be designed to have a main beam radi.~ 2{ . 1 cycles/km or less and no bad
sidelobes closer than one to two cycles/km. Sucha compound array would then meet
the design requirements. The design of array or subarray patterns using from 20 to
25 points must proceed via trial and evaluation methods. Relatively algorithmic im-
proveme:nt methods such as are presented in Section VII can at best be of value to find
perturbations of a geometry which would yield an improved pattern. One is stymied
when no nearby geometry will yield a better patiern but there may be a very different
geometry having a much more satisfactory pattern. Tradeoffs between the require-
ments imposed upon the array and subarray patterns are discussed in Section VI.

One might attempt full array pattern synthesis using some of the formalized
trial and error methods which have been developed for the synthesis of radar and sonar
antenna patterns.l The synthesis of 2 LASA geometry is very similar to the synthesis
of an extremely thinned array. However, given the number of seismometers, the width
of the main beam, and constraints upon the location of the 1.rst grating lobes, the
requirements of the LASA are very much different from those of radar arrays. In the
radar case sidelobe levels less than 20 db down from the main beam would be considered

excessive. Such low sidelobe levels can be maintained for thinned arrays only by
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increasing the width of the main beam. For the LASA such an increase in main beam
width is not aliowed. Neither is a significant increase in the number of seismometers.
The LASA can then satisfy the design criteria only by a significant increase in sidelobe
level. It is thus our opinion that application of the methods suggested for density
tapering of radar arrays cannot yield sidelobe levels significantly lower than those
which have been achieved using compound arrays. Since direct synthesis using all of
the seismometers would not comstrain the array to be a compound array, such an
approach has not been pursued. The advantages of compound arrays (see Section IV)
are sufficiently great to reject a direct synthesis of a full array since the direct synthe-
sis doec not promise any sigrificant reduction of sidelobe level in the region of wave

number space of interest.
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Iv. COMPOUND ARRAYS: FAMILIES OF ARRAY GEOMETRIES

Many engineering advantages are gained by the use of compound arrays.
Considerations related to the design of LASA electrorics modules, communication
channels, and power distribution systems all argue strongly in favor of the use of com-
pound arrays. The use of such arrays also provides natural divisions for data pro-
cessing schemes. Individual subarrays can be processed and then the results combizned
in a second stage of processing. Failures in a single subarray need not effect the re-
duction of data from another subarray.

For convenience in establishing power systems and communication channels it
is desirable that both array and subarrays be set out along several radial arms connected
to a central point. Such a configuration tends to keep the length of lines or number of
separate communication channels within bounds. The use of configurations which
complicate the power distribution or communication networks should be used only if
considerable increase in the capabilities of the array can be gained. No such geome-
tries have yet been discovered.

All other corsiderations being equal, arrays graded io be more dense towards
the center are desired over others. This grading is a hedge against possible loss of
coherence of teleseismic P-phase arrivals as the signal propagates across the array.

Array geometries having the most remote subarrays on a circle of radius
100 km have been ctudied. Such 2 dimension was picked since an array of approximately

that size must be used in order to obtair the narrow main beam which is required. An
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array should have at least three subarrays out at the 100 km radius circle. More than
the minumum three are desirable to allow the use of redundancy in the determination of
epicenters using a limited network composed of a single output from each of the sub-
arrays on the 100 km circle.

Subject to the above constraints a relatively extensive search for possible
suitable locations of subarrays has been completed. Figures 5 through 8 show typical
members of the families i1vestigated as possible deployments for 21 subarrays. The
number of points on a ring and the number of rings is fixed for each family. The
spacing of rings is geometric with the ratio of the radius of adjacent rings being a con-
stant. This constant has been varied to generaice the members of each family. The
same configurations, but with arithmetic spacing of rings, have also been evaluated.

A few arrangements with subarrays on spiral rather than straight arms and with ran-
dom placement of subarrays were considered and discarded on the basis of their
patterns. Except for a few trials the number of subarrays has been maintained at 21,
the number in the experimental LASA which has been installed in Montana. This appears
to allow a reasonable tradeoff between the number of subarrays and the number of seis-
mometers per subarray. Theve is no reason at the present time to believe that another
number of subarrays, keeping the total number of seismometers constant, could yield
significantly better performance by a LASA.

"+ la~ge amount of effort has been expended to obtain subarray geometries as
opposed to array geometries. The question of subarray geometry is discussed in

Section VI. Briefly, one of the array geometries, suitably scaled, could be used for a
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subarray with 21 seismometers, or other subarray geometries using a different number

of seismometers could be employed.
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V. BEST ARRAY GEOMETRIES AND THEIR PATTERNS

Figures 9 through 14 show the geometries and associated patterns of the most
promising arrays found in each of the families of arrays described in the preceding
section. The families with five or seven subarrays on each ring appear to be the most
desi: le.

Array patterns have been graphically presented in two forms. The pattern is a
gain function defined on the two-dimensional space of horizontal wave number. Such
patterns have been graphically presented in figures such as 9B as contour plots. The
lines on the plot represent the level of the pattern. These plots were obtained by
smoothly connecting the points on a plot printed by the line printer attached to a large
scale digital computer. A listing of a IFortran II program which can be used to generate
the printer plots and a description of its use and operation are contained in Appendix A.

Plots such as that shown in Figure 9C were obtained by evaluating the pattern
along a ray leaving the origin of wave number space. The plots are thus cross sections
through the array patterns. Restriction to only a few radial directions and the use of
a more accurate output device than a printer plot allowed a mcxe accurate and detailed
picture of the pattern to be obtained in directions of particular interest. Plots were ob-
tained in tho<e directions in which the cruder printer plots indicated the most severe
sidelobes v .d be found. A listing of Fortran IV programs used to obtain cross sec-
tional plots is given in Appendix B. That appendix also describes the operation and use

of those programs. The programs have been constructed so that minimal modifications
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would allow one to obtain cross sectional patterns without the use of a Stromberg
Carlson 4020 plotter which was the output device used.

The programs described above can also be easily modified to help interpret in
wave number or frequency wave number space the effect of processing schemes much
more complex than the straight sum processing used for the evaluation of alternative
geometries. As mentioned in Section II the interpretation of more complex processing
in frequency wave number space is outside the scope of this report and has not been
included.

In each family the arrays were judged most satisfactory when they had the least
severe sidelobes in the range from zero to . 1 cycles/km and had beam widths which
were sufficiently small. As discussed above the beam width should be .01 cycles/km
or less. Sidelobes further than .1 cycles/km from the main beam will be sufficiently
attenuated by subarrays if the subarrays are properly set out. Since no single scalar
quantity can adequately represent the quality of the various arrays, the choice of best
was necessarily somewhat subjective. At . ust one repressntative best member from
each major family investigated has been saved.

Comparisons between members of the same family or of different families of
array geometries is made a bit less complex by noting certain symmetries in patterns
and invariances with geometries. Ncte that contour maps of patterns have been drawn
only over relatively restricted pie shaped sections of wave number space. Only those

sections are necessary since the entire pattern is obtainable simply by completing the
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circle with identical pie slices. This result and certain invariances for patterns of
arrays with odd numbers of subarrays per ring are described in more detail in
Appendix C.

The array configuration shown in Figure 13A, which has been picked as the
best geometry with four subarrays per ring, yields a pattern which appears to be defin-
itely inferior to these which use three, five or seven subarrays per ring. The pattern
for the geometry shown in Figure 13A has significant sidelobes which are no further
than . 015 cycles/km away from the center of the main beam. Even more severe
sidelobes appear at .05 and .07 cycles/km from the main beam. This best member of
the family of arrays with four subarrays per ring is quite similar to the actual config-
uration of the experimental LASA which has been installed in Montana. Similar

4,7,11 These can be

severe sidelobes have been noted for that experimental array.
seen in Figure 2.

It is our opinion that the array shown in Figure 14A which has three subarrays
per ring can also be rejected as the most valuable array. The pattern for this array
has a broader main beam than that of other geometries under consideration. Sidelobes
are not excessive, but are slightly larger in amplitude than those of alternative patterns.
If the array is stretched over a larger area to reduce the width of the main beam, then
the sidelotes will move in closer. Finally, more than three subarrays are desirable
on the largest ring for the purpose of determining epicenters using the array.

The configuration shown in Figure 10A is probably to be preferred to that of

Figure 9A which also has seven subarrays per ring. The array in Figure 9A has
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subarray: concentrated more towards the 100 km radius ring. Since the validity of
patterns depends somewhat upon the coherence of a signal across the array, this more
spread out array would probably be more adversely affected by loss of coherence.
Indeed, any signal processing scheme which depends upon signal coherence will be
cre s2tiously affected by loss of coherence when subarrays are spread out than when
they are clustered together. One might consider scaling down the size of the array
shown in Fig. 9A since it appears tc have a very narrow main beam. This should be
avoided since it will seriously effect the usefulness of the outer ring of the array for
the determination of epicenters. The decision between these two arrays is at best
subjective.

A compar: ‘on of the geometries of Figures 11A and 12A, having five subarrays
per ring, with the configurations having seven per ring is completed in Section VII.
That comparison is Jeferred because the application of a gradient technique described

there has resulted in soine changes in the sidelobes of the pentagonal arrays.
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VI. TRADEOFF BETWEEN SUBARRAYS AND ARRAY IN A COMPOUND ARRAY

In the above sections it has been rather casually assumed that any bad sidelcbes
of the array pattern farther out than . 1 cycles/km could be sufficiently attenuated by
the subarrays to be negligible. It has even been implicitly assumed that some attenu-
ation, say a few db, might be obtained at wave numbers having magnitude as small as
.05 cycles/km or less. These assumptions are discussed in this section and the im-
portance of the relative sizes of array and subarrays is emphasized.

Assume tnat the array geometry shown in Fig. 10A is used and that each subarray
has seismometers in the same configuration but that the largest ring of seven seismom -
eters has a 10 km diameter. The subarray is then 1/20 the size of the array. The gain
of such a compound array is found by forming the product of the array and subarray
gains.

Consider the most severe array sidelobe shown in the center frame of Fig. 10C.
That lobe is about . 057 cycles/km from the origin and has level .42. The subarray
pattern will have the same shape but the wave number scale will be multiplied by the
ratio of array to subarray diameters. If the subarray has diameter 1G km, it will be
able to reduce the above mentioned array lobe to a level of about . 36. The use of a
subarray having a diameter of 15 km would attenuate the lobe even more to abo~ . 3.

If the subarray diameter were reduced to 7 km, this same lobe would remain larger
than about . 38. These figures are approximate only because subarray gains have been
obtained from Fig. 10C by changing the wave number scale. The point is that even for

wave numbers as small as . 037 cycles/km some meaningful attenuation can be obtained
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from subs  ys having diameters from 10 to 15 km. The aitenuation fromn a 7 km
subarray is very slight so close to the origin of wave number space.

The larger subarray diametcrs maintain similar advantages all the way out to
. 1 cycles/km. The array sidelobes are more effectively attenuated by subarrays with
diameters 10 to 15 km than by those with diameter 7 km. This will tend to be true
independently of the particular subarray configuration which is used.

If the configuration of Fig. 10A, scaled to have a diameter between 10 and
15 km, is used as a subarray, then the .42 level closest sidelobe will appear between
.48 and .74 cycles/km from the center of the subarray pattern. This sidelobe is not
extremely detrimental and may be tolerable in the subarray pattern.

Figure 17B is a cross section of the pattern generated by the geometry of a
subarray cf the experimental LASA. The configuration has been scaled to a 200 diam-
eter circle for convenient comparison. The true subarray lies w..uin a circle with a
diameter of 7 km. Figure 15B shows the seismometer configuration. Observe that the
pattern for this configuration has a close in sidelobe at level . 44, higher than the one
discussed above for a subarray using only 21 eiements. Even if the subarray has
diameter 7 km, this lobe is at .4 cycles/km. In general, the pattern drawn in Fig.
10C 1s definitely superior to that drawn in Fig. 17B. The superiority of the 21-element
subarray in terms of sidelobes is maintained 2ven when its size is increased to 10-15
km while the array using 25 seismometers is maintained at 7 km. The 21-element sub-
array has a generally lower sidelobe level and has it ~ver a larger range of wave num -

bers than ti.e 25 element subarray does.
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It seems that the use of 21 seismometers in a subarray, placed on three rings,
containing seven seismometers, may yield a subarray with characteristics superior to
those of the LASA Montana subarrays which use 25 seismometers. One might then ex-
pect that a subarray configuration which uses 25 seismometers and is definitely superior
to either of those discussed above could be found. No extensive search tor such a
geometry has been completed. However, one family of geometries, having five 1ings
spaced geometrically and each having five seismometers per ring, has been briefly
investigated. Figure 15A shows the resulting subarray cnd Figs. 16 and 17A show
patterne The lobe of level .49 at a distance of .05 cycles/km from the center of the
main beam is the worst characteristic of the pattern. This lobe might be removed using
sensitivity functions as described in the next section or a completely different family
using 25 seismometers might be investigated. The synthesis of configuration using

25 points has not been pursued.
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VO, SENSITIVITY AND PATTERN IMPROVEMENT

The sensitivity function of a pattern or array is a measure of how much the
pattern will be effected by small changes in seismometer or subarray positions. There
are two principal veasons for obtaining a sensitivity func.ion. First, of course, such
a functior indicates how accurately subarrays must be located so that the pattern will
not be seriously modified by errors in placement. Such a functioa can also be used to
help find improvecC geometries. It can indicate how the geometry should be perturbed
to achieve certain desired pattern changes. A useful sensitivity measure is defined in
the following paragraphs.

Let ;q be the two-dimensional vector which locates the qth subarray in an array

or gt

seismometer in a subarray. Suppose that Eq is a unit vector which indicates the
direction in which the qth element might be moved and that F(;q) is a complex valued
function of ;q' The function F can of course be a pattern with dependence upon the
position of the qth point of the array made explicit. If it exists, the following directional
derivative can be defined.

F_ + equ) - F(?q) 3F(r_+eu

. )
= lim = 9 9
q €, 0 € oe

8’1' 4

It is a matter of straightforward substitution to verify that if

then
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3F
2

o T F,
q

BFl

du
q

which is the usual rule of differentiation of products. Other rules such as

2F
ou
q

SFs-l

also hold for the directional derivative.

A physical meaning can easily be attached to 3F/ BEq. To a first order

approximation we have

3F(r )

du

F; +eﬁ = F; + ¢
(q q) (q) :

if e is sufficiently small. If F is a pattern, then ¢ [BF(;q)/aqu is roughly the
change in the pattern when subarray or seismometer q is moved ¢ km in the direction
ofu .
q
Let (i,ﬁq) and (E,;q) denote usual scalar products of the indicated vectors.
Then the magnitude of

H=x

N — —
Y, expl-izn(k,r)],
1 .

1/2

which equals (HH*)"/ “, is the pattern of an array. One can easily obtain
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oH _ . 2m -~ — - r -
= = iy (k,uq) exp [-i2m (k,rq)_ -
q
From this
OHH* _  4m ,— - : T
30 = ﬁ'z \k:uq> Im{Hexp [i2m <kirq>]}
and
1/2
B|H| _ O(HH*) _ _ . 2m = = . T =
aﬁq = =% = T N[H[ (k,uq) Im {H exp [12n<k,rq)]} .

Considered as a function of k this is a sensitivity function which reflects the effects of
moving the qth point on an array in the Gq directior.

It is convenient and useful to express %Iﬁﬂql- in terms cof polar coordinates of
all quantities. Let IH\ and ¢ be the magnitude ar;d phase of the complex gain H. Let

eq be the angle of Hq and let rq, wq be the magnitude and direction of the position ;q'

Finally let k and 8 be mzagnitude and direction of k. Using this notation, %lﬁ}il- can be
q

expressed as

au| _ _2n 9 )si cos (5 —
i N k cos (8 eq) sin [o + 2nqu cos {8 \bq)] .
q
It is this expression using polar notation which has been most useful.

It is now very easy to obtain an upper bound *1pon the passible effects of moving

a seismometer or subarray. In particular,
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This bound on sensitivity is inversely proportional to the number of elements and
directly proportional to the size of the wave number at the point in wave number space
which is of interest. Small changes in subarray positions can greatly effect the pattern
for large values of “vave numbers. Note also that this bound is independent of rq, the
magnitude of the position vector for the qth element. Roughly speaking, a change of
€ km in the position of an array point cannot change the pattern in wave number space
more than 2rke/N. Thus a change of ! km in the position of one element of 2 21-element
array of subarrays cannot change the pattern by more than (. 3} k. For k less than
. 1 cycles/km, this is less than .030. Based upon this bound one can conclude that
changes as large as 1 km in the location of subarrays may not result in drastic
changes in patterns. Certainly the pattern of a modified array must be checked but it
is hoped that chang=s as large as one kilometer in position can be tolerated without un-
due concern. Similar computations for subarrays covering a region having a 10 km
diameter indicate that errors on the order of . 05 km may not have too adverse effects
although the effects must be checked. Of course, if these bounds are divided by the
number of elements, then the check is not needed as long as changes as large as .03
in pattern are considered acceptable. Such an approach requires much more accurate
placement of ele.nents.

It may not be physically possible to locate a subarray less than a kilometer away

from a point which is specified for an idealized array. Such a situation need cause no
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serious difficulty. Suppose some realizable alternative to an idealized array
configuration is under consideration. The pattern for the configuration can be quite
completely obtained in the regions of wave number space of interest using programs
such as are listed in the appendices. A study including two contour plots and a dozen
cross sectional plots would require only about five minutes of time on an IBM 7094
computer. The cost of such a study of an array configuration is so slight that it can
always be done for any configuration under serious consideration.

Since it is so inexpensive to evaluate a pattern, it seems rea<onable to place
bounds on allowed variations in subarray locations by specifying a surface, defined in
wave number space, below which the array pattern must lie. Such a requirement could
be used in conjunction with quite weak requirements upon allowed changes in subarray
position from idealized positions. For example, changes of positicn of the order of
5-10 km would not be unacceptable if the pattern was not deteriorated by those changes.
If such a method of specification is used, the strong requirements on position imposed
by the use of sensitivity functions can then be relaxed.

Some success has been achieved in using sensitivity functions to improve
patteras by moving subarray locations. A Fortran IV program has been written which
evaluates sensitivity of patterns with respect to the radius of a ring of elements in an
array. This is done simply by setting eq equal to ti;q and summing over those q which
index the elements of the ring of interest. The program computes and plots this sensi-
tivity function for points along a ray in wave number space. The program is listed and

its use described ia Appendix D.
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Figure 18 shows the sensitivity of a pattern to changes in the radii of the five
element rings of the array shown in Fig. 12A. The sensitivity has been evaluated along
a direction in wave number space in wiiich are found the most severe sidelobes of the
pattern. These sensitivity functions, as well as all others piotted in this report,
should be divided by the number of elements (21) to agree with sensitivity as defined
above.

It was determined using the sensitivity function, that the bad lobe at about
. 0425 cycles/km in wave number could be reduced by reducing the radius of the ring of
elements having a 25 km radius. Judging from the sensitivity, this change should re-
duce the lobe at .07 cycles/km a comparable amount if not more.

Figure 19 shows the effect upon pattern and sensitivity of reducing the inner
ring radius to 20 km. The plots are along the same directioa in wave number space as
those of Figure 18. The lobe at . 0425 cycles/km has been reduced from .52 to .43,

a nontrivial improvement. The second severe lobe did not fare sc rell. As the radius
of the ring decreased, the sensitivity changed in such a way that the net effect upon the
lobe was slight.

Figure 20 shows the effects upon the pattern in a different direction in wave
number space of the changes described above. The direction was that having the most
severe adverse effects. Specifically, the lobe at about . 055 cycles/km has grown to a
value of . 56. This degradation was roughly predicted by the sensitivity function eval-

uated along the direction 18 north of east.
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The relative quality of the patterns of the modified and unmodified arrays is not
clearly defined. It is our opinion that the reduction of the ievel of the nearest sidelobe
looking eastward is worth the cost paid in other directions. In gencral the adverse
effects of sidelobes becomes greater as they get closer to the main lobe. Very close
sidelobes cannot be killed by subarray processing.

No other modifications cf this basic geometry have been attempted. Sensitivity
functicns have not indicated any changes expected to yield significant pattern improve-
ment.

A procedure similar to that described above has also been followed starting
with the array shown in Fig. 11A. The results are summarized in Figs. 21, 22, and
23. By increasing the ring having radius 55 km to 57 km the lobe at about . 063 cycles
per kilometer in the eastward direction has been reduced from .5 to .43. The lobe at
about .(054 has increased from .35 to .44. The relative quality of the maodified ana
unmodified arrays is so tenuous that no attempt is made to rank them.

No further attempts at modifying these patter:s have been made. It is possible,
for example, by decreasing the radius of the 30. 25 km ring, that marginal improve-
ment in sidelobes could be obtained. The smzil amounts of expected improvement did
not seem significant enough to warrant any further search.

Figures 24 and 25 are pattern and sensitivity plots for the arrayz of Figs. 9A
and 10A, respectively. The directions in wave number space were picked to exhibit
most severe sidelobe activity. No changes of radii of rings appear to promise im-

proved sidelobes.
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After considering all the various patterns described in this report, it is our
opinion that the geometry of I'ig. 10A using seven subarrays per ring is the best to use
for a LASA Unfertinately, it does not appear that the lobe of level . 42 at a distance
of . 037 from the main beam can be removed by slight changing of the radii of rings.
Even with that lobe this geometry seer.s most desirable. No other bad lobes are
present. This is not true of geometries having five subarrays per ring. Those arrays
have first siguificant lobes a bit farther out but have a generally higher sidelobe level
and have vther very significant sidelobes closer than . 1 cycles/km from the center of

the main beam.
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VII. A COMPARISON WITH THE EXPERIMENTAL LASA

Figures 2 and 10C show cross sections of the patterns for the experimental
LASA geometry and for a proposed geometry which would deploy 21 subarrays on
three rings. For wave numbers in the range .02 —. 2, the sideiobe levels are roughly
the same for the two geometries. However, for wave numbers less than . (2 in mag-
nitude the proposed configuration shown in Fig. 10C yields a pattern very much better
than the pattern of the expexrimental LASA.

The experimental LASA, depending upon one's point of viev., either has a main
beaia nearly .04 cycles/km in diameter or has a bad sidelobe only . 015 cycles/km
from the center of the main beam. The proposed configuration has no such close side-
lobe and has a main beam with a diameter of about . 01 cycles/km in wave number
space. The pattern for the proposed geometry shown in Fig. 10A is sufficiently better
than the pattern for the experimental LASA to warrant serious consideration if any other
LASAs are constructed. It should be noted that pattern improvement has been obtained
primarily in the important region of wave number space close to and including the main

beam.
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IX. SUMMARY

A study of possible geometries for a Large Aperture Seismic Array (LASA)
has been completed. For « variety of reasons the array was restricted to being com-
posed of 21 subarrays deployed over a circular region having a diameter of 200 km.
From each of several families of array geometries the members yielding best patterns
were saved and discussed. Two families, those having three or four subarrays on
each of several rings, were discarded as definitely inferior to other families. The
relative quality of arrays using five or seven subarrays per ring was not as clear. The
geometry shown in Figure 10Aappears to be the best ail around compromise. That
geometry yields a significantly better main beam than the experimental LASA dces.
Other poessible geomeiries and their patterns have been s2ved for comparison.

The diameter of subarrays in the experimental LASA in Montana is 7 km.
Pattern studies indicate that this should be increased to from 10 to 15 km for other
installations. Even using from 20 to 25 seismometers per subarray, undesirable
aliasing and unwanted grating lobes can be avoided by the use of suitable subarray
geometries.

Sensitivity functions for array patterns have been developed. These indicate
that position changes of the order of . 5% of the diameter of an array or less should
have only slight effect upon tae array pattern. Fortunately it should not be necessary
to maintain such accurate placement of subarrays with respect to some idealized array.

The cost of evaluating the pat*ern of a configuration is small enough to allow this to be
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done for any configuration under serious consideration. Any changes in a configuration
can be directly evaluated in terms of the pattern. The use of sensitivity functions to

improve gcometries has been investigated with moderate success.
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APPE!NDIX A

PROGRAM-FOURIER TRANSFORM WITH PRINTER PLOT

The Fortran II program listed below computes the pattern defined by (1) for
values of kx’ky vn a rectangular grid (100 x 100) in the wave number plane. Execution
of the program generates a printer plot which is a map of the patte 'n. If instruction
111 and the cne preceding it are removed from the program, then the program can be
used to generate gain plots in wave number space resulting from weighted sum pro-
cessing rather than straight sum processing. The inclusion of these instructions
avoids the need to punch a one on each card which locates a subarray.

The Plot

The plot is a contour map over a rectangular region of kx’ky space. One
corner of the rectangle is at position (XK, YK). The diagonally opposite corner is at
(XK +RX, YK+ RY). These points are at the upper left and lower right corners of the
output plot.

The user specifies a parameter DELTA where 0.05< DELTA < 1. The range
of the magnitude of gains is divided into intervals {(h-1) DEL.TA, hDELTA] with

h=1,2,... Those puints (kx,ky) on the grid for which

(h-1) DELTA = |Gain| < hDELTA

are marked with the hth character from the list

(1,2,3,4,5,6,7,8.9,A,B8,C,D,E, F,G,H,1,],K,L,M,N,blank) .
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In order to aid the user to read the contour plot, blanks arc substituted for characters
when several contiguous characters are the same. Only the left most of such a group
of characters is written in any row.

Use of the Program (Fortran 1I)

Following the *DATA card, there must be four cards containing octal coding,
format (6012), for the characters in the list given above. Following these four cards
there can be any number of sets of data. Each set <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>